Monolayer transition metal dichalcogenides (TMDCs) have recently been proposed as an excitonic platform for advanced optical and electronic functionalities [1] [2] [3] . However, in spite of intense research efforts, it has not been widely appreciated that TMDCs also possess a high refractive index 4, 5 . This characteristic opens up the possibility to utilize them to construct resonant nanoantennas based on subwavelength geometrical modes 6, 7 . Here, we show that nanodisks, fabricated from exfoliated multilayer WS 2 , support distinct Mie resonances and anapole states 8 that can be tuned in wavelength over the visible and near-infrared range by varying the nanodisk size and aspect ratio. As a proof of concept, we demonstrate a novel regime of light-matter interaction-anapole-exciton polaritons-which we realize within a single WS 2 nanodisk. We argue that the TMDC material anisotropy and the presence of excitons enrich traditional nanophotonics approaches based on conventional high-index materials and/or plasmonics.
Monolayer transition metal dichalcogenides (TMDCs) have recently been proposed as an excitonic platform for advanced optical and electronic functionalities [1] [2] [3] . However, in spite of intense research efforts, it has not been widely appreciated that TMDCs also possess a high refractive index 4, 5 . This characteristic opens up the possibility to utilize them to construct resonant nanoantennas based on subwavelength geometrical modes 6, 7 . Here, we show that nanodisks, fabricated from exfoliated multilayer WS 2 , support distinct Mie resonances and anapole states 8 that can be tuned in wavelength over the visible and near-infrared range by varying the nanodisk size and aspect ratio. As a proof of concept, we demonstrate a novel regime of light-matter interaction-anapole-exciton polaritons-which we realize within a single WS 2 nanodisk. We argue that the TMDC material anisotropy and the presence of excitons enrich traditional nanophotonics approaches based on conventional high-index materials and/or plasmonics.
Materials that are only a few atoms thick are of fundamental and practical importance 9 . In particular, monolayer transition metal dichalcogenide (TMDC) materials with the general formula MX 2 (where M = Mo, W; X = S, Se, Te) have attracted significant research attention, mostly because of their direct bandgaps in the visible and near-infrared parts of the spectrum 3 . However, only a few recent studies have been devoted to multilayer TMDCs 5, 10, 11 , although their optical properties in the bulk form were extensively studied in the past 4, 12 . The in-plane and out-of-plane components of the permittivity tensor of bulk WS 2 are shown in Fig. 1a (refs. 12, 13 ). The real part of the in-plane permittivity exceeds ε ≈
Re[ ] 16
xx , corresponding to a refractive index of ε = > n 4 xx in the visible range, decreasing slowly towards the near-infrared, where loss is low. The prominent peak at around 615 nm is the A-exciton absorption band due to direct gap transitions at the K-valley of the Brillouin zone. Due to the van der Waals nature of the layer interaction, the out-of-plane permittivity of WS 2 is much lower, around
We start by simulating the scattering by a WS 2 nanodisk in air illuminated by linearly polarized light at normal incidence (Fig. 1a,  inset) . We focus on a nanodisk geometry, because such structures can be readily fabricated by patterning a multilayer TMDC flake. A map of scattering intensity versus nanodisk radius (Fig. 1b) reveals distinct features that disperse linearly with size above ~700 nm, where the material dispersion ε λ ( ) xx and absorption are relatively weak. This is the expected behaviour for geometrical Mie resonances in high-index nanostructures 6, 7 . We also choose a specific disk radius (R = 150 nm) to analyse its spectroscopic and near-field behaviour (Fig. 1c) . The lowest energy resonance peak, at ∼940 nm, clearly displays a magnetic dipole-like near-field pattern caused by circulating induced currents in the incidence plane accompanied by considerable magnetic field enhancement (|H/H 0 | 2 > 200). This type of mode is typical for high-index nanoantennas 6 . The ∼715 nm resonance exhibits a more complicated electric dipole-like behaviour with two adjacent circulating electric currents in the incidence plane and weak electric field enhancement (|E/E 0 | 2 ≈ 10). The linear mode dispersion (Fig. 1b) and the near-field plots (Fig. 1c) confirm the geometrical origin of both observed resonances.
We fabricated nanodisks ( Fig. 1d ) from high-quality exfoliated multilayer WS 2 flakes by a combination of electron-beam lithography and dry-etching, using negative resist as an etching mask (see Methods for details). The crystalline quality after the etching step and the complete removal of WS 2 in the etched region around each nanodisk were confirmed by confocal Raman microscopy ( Supplementary Fig. 1 ). The weak attachment between the substrate and the WS 2 makes it difficult to remove the top resist layer from the nanodisks after processing, but this has negligible influence on the nanodisk optical response ( Supplementary Fig. 2 ).
We measured elastic scattering from individual WS 2 nanodisks of varying size using dark-field spectroscopy and then correlated the spectra with morphological data obtained through SEM imaging (Fig. 2a) . Figure 2b ,c presents experimental dark-field scattering spectra and the corresponding finite-difference time-domain (FDTD, see Methods) simulations for three nanodisks with H = 95 nm and radii of 110, 150 and 200 nm. In the simulations the nanodisks were excited by linearly polarized light at normal incidence and the scattering intensity was collected in the entire upper hemisphere to emulate the experimental dark-field conditions (see Methods). Experiments and simulations were in good agreement and both show complex resonance features composed of multiple peaks and dips that disperse with disk size (see Supplementary  Fig. 3 for additional scattering data for H = 55, 95 and 150 nm).
The most noteworthy feature of the scattering spectra is the deep (close to the background level) and asymmetric dip that disperses linearly with R between ~650 and 900 nm (Fig. 2d) . It is known that certain nanoparticles, in particular high-index dielectric nanodisks with high diameter-to-height aspect ratio, can exhibit the anapole phenomenon characterized by vanishingly small elastic scattering and at the same time large field enhancement in the interior of the nanoparticle 8, 14 . This resonance feature originates from destructive interference between electric and toroidal dipolar charge oscillations with identical amplitude and far-field patterns 8, [15] [16] [17] . In this sense, the anapole is similar to the destructive Fano interference between overlapping broad dipole-allowed and narrow dipoleforbidden modes observed in many plasmonic systems 18, 19 . To verify whether the observed scattering dip can be assigned to the anapole, Supplementary Fig. 4 ). An ideal anapole cannot arise in the WS 2 nanostructure due to dissipative losses associated with the pronounced exciton transition, which prevent complete suppression of scattering according to the optical theorem 20 . Nevertheless, the calculated field distribution inside the nanodisk (Fig. 2e) resembles the typical anapole-like pattern known from previous studies of this phenomenon in, for example, Si nanodisks 14 .
The existence of an exciton band and a dispersive geometrical anapole in the same nanostructure suggests that these resonant features can couple and hybridize with each other. This could be achieved by varying the nanodisk dimensions such that the anapole is tuned to overlap with the exciton transition. To verify this hypothesis, we first demonstrate coherent exciton-anapole coupling by means of FDTD simulations for a nanodisk with H = 55 nm and R = 130 nm (Fig. 3a) . To illustrate the coupling, we incorporated an artificial isotropic dielectric function that accounts either for the background refractive index of WS 2 or its A-exciton, respectively (see Methods and Supplementary Figs. [5] [6] [7] [8] . For the case of a hypothetical lossless isotropic material with the A-exciton transition artificially switched off, we observe a well-defined anapole dip with nearly zero scattering (green curve, Fig. 3a ). If instead we use an artificial permittivity including only the A-exciton response without the high-index background part, a single scattering peak at the exciton wavelength is observed (red curve, Fig. 3a ). When the coupling is 'switched on' by using the permittivity that includes both the exciton resonance and the high background index, the two spectral features hybridize, leading to the emergence of two scattering dips at 580 nm and 680 nm (purple curve, Fig. 3a) . Besides the two dips, we observe a smaller dip in between, which originates from absorption by excitons not coupled to the Mie modes.
To experimentally verify this peculiar regime of interaction, we focused on the H = 55 nm data set, which exhibits fewer highorder multipolar resonances than thicker disks and therefore shows clearer coupling behaviour. The resulting dark-field scattering map for H = 55 nm nanodisks (Fig. 3b ) reveals a rich collection of resonances, which are well-reproduced by FDTD simulations (Fig. 3c,d) . Overall, the scattering spectra display a broad background 
Letters
NATure NANoTeCHNology on top of which two dips can be clearly identified-one associated with absorption by the WS 2 exciton at 630 nm and the other that scales linearly with radius for large disks and is associated with the anapole. For nanodisk radii in the vicinity of R = 130 nm, the scattering signal indeed exhibits the desired anti-crossing. The experimentally measured anti-crossing behaviour allows us to estimate the vacuum Rabi splitting between the two anapole-exciton hybrid modes on the order of Ω ≈ 190 meV, which is larger than the respective linewidth of the dips. By analogy to the strong plasmonexciton coupling realized recently 21, 22 , these characteristics place the anapole-exciton interaction in the strong coupling regime. FDTD calculations also reveal anti-crossing in absorption (Fig. 3c) , which provides further evidence that strong coupling between the anapole and the exciton indeed occurs in the experimental system 23 .
To model the strong coupling scenario we employ a simple Hamiltonian model based on temporal coupled mode theory 24 .
The model describes the interaction between two Mie modes of the nanodisk (bright and dark), whose destructive interference results in the anapole dip, and the A-exciton of the material ( Supplementary  Section 3.2) . To apply the model, we first fitted the calculated FDTD scattering spectra with the analytical expression for the scattering intensity obtained from the Hamiltonian model ( Supplementary  Section 3.3) . The so-obtained eigen energies and coupling constants of the system result in scattering spectra that closely resemble both the experimental and FDTD data (Fig. 3f) . This model allows accessing of the temporal dynamics of the coupling process upon excitation with a short light pulse: at first, the incident light excites the system via radiative coupling to the bright state. Scattering by the bright and dark modes at the anapole wavelength is cancelled out in the far-field due to their destructive interference. The energy stored inside the WS 2 nanodisk can now be transferred to the exciton through the near-field (direct) coupling. In the frequency domain, this picture gives rise to two dips in scattering, one associated with the destructive far-field interference, and the other associated with the A-exciton non-radiative decay; these two features exhibit anticrossing behaviour.
Finally, we use the Hamiltonian model to verify that the anapole-exciton interaction reaches the strong coupling regime by simulating the transient dynamics of the exciton amplitude following an initial excitation. We adopt the parameters extracted by the fitting procedure for the R = 130 nm nanodisk, which exhibits nearzero anapole-exciton detuning, and solve the dynamical equations governing the mode amplitudes (Supplementary Section 3.2) with the exciton being excited at t = 0. The resulting amplitudes clearly exhibit Rabi oscillations with a period of ~12 fs due to strong coupling occurring mostly between the exciton and the dark mode (Fig. 3e) . Such fast Rabi oscillations render WS 2 nanoresonators unique for all-dielectric nanophotonics, as these regimes are usually encountered only in plasmon-exciton systems 21, 22 . However, in typical plasmonic systems strong coupling often comes with the practical challenges of aligning the resonator cavity field with the dipole transition moment of the excitons 25 and spatially overlapping . In the present system these two requirements are satisfied by the anisotropic properties of the material itself and the nanodisk shape of the resonator, leading to strong coupling within a single monolithic nanoscopic object.
In conclusion, we have introduced the concept of TMDC nanoantennas and demonstrated that WS 2 nanodisks possess characteristics that allow strong coupling between geometrical optical modes and excitons to occur within the same nanophotonic object. The ) for nanodisks in vacuum with H = 55 nm and varying radii using the artificial permittivity combining both the high background index and the exciton resonance. Clear anticrossing in both absorption and scattering is observed. In d, the white symbols refer to the uncoupled eigen energies extracted using the 3 × 3 Hamiltonian representation of the coupling problem for the dark mode (crosses), the bright mode (circles) and the exciton (diamonds). e, Rabi oscillations between the dark, bright and exciton resonances of the WS 2 nanodisk of H = 55 nm and R = 130 nm calculated using coupled mode theory. f, Normalized scattering intensity calculated with the 3 × 3 Hamiltonian model using the eigen energies and coupling constants obtained by fitting the corresponding FDTD spectra.
NATure NANoTeCHNology resulting polaritonic regime is achieved in a compact system composed of a single nanodisk, which is realized via a single and simple nanofabrication step. Our observations are not only of fundamental interest but could also be useful for TMDC-based light harvesting and photocatalysis applications. More generally, it is worth noting that strong light-matter interactions utilizing geometrical resonances have been recently observed in several different platforms, including silicon [27] [28] [29] and perovskite 30 nanostructures, as well as WS 2 nanotubes and flakes 31, 32 and h-BN photonic-crystal cavities 33 . Here, we add Mie resonances and anapole states (as well as their strong coupling with excitons) in multilayer TMDC nanoantennas to this library.
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Methods Sample fabrication. Measurements were performed on a Si wafer with a thermal oxide layer (50 nm thick) grown by dry oxidation. To facilitate location of the flakes, alignment marks were first fabricated on the substrate by a combination of ultraviolet lithography and evaporation. Shipley resist S1813 was spun onto the substrate at 3,000 r.p.m. and baked at 115 °C for 2 min. After exposure using a mask aligner, the sample was developed in MF319 for 55 s. Cr (10 nm) and Au (15 nm) were then deposited, and liftoff was performed in acetone.
WS 2 was mechanically exfoliated from bulk crystal (HQ-graphene) using a polydimethylsiloxane stamp and transferred using the all-dry transfer method 34 . Flakes of different thickness were transferred on different substrates and the thickness was measured using a VEECO profilometer.
Patterning of the WS 2 flakes was achieved by a combination of electron-beam exposure of a negative resist and dry etching. To promote adhesion, Ti prime resist was spun onto the sample at 3,000 r.p.m. for 30 s and baked at 120 °C for 2 min. Afterwards, MaN2400 resist was spin-coated at 3,000 r.p.m. for 1 min. For flakes thinner than 100 nm MaN2403 was used, while for the thickest flakes MaN2405 was employed. Samples were exposed using a Raith EPG5200 electron-beam lithography system operated at 100 kV. The alignment of the flakes was ensured using the marking system previously fabricated. Typical nanopatterned features can be seen in Fig. 2a and consist of arrays of well-separated nanodisks with different radii arranged in a square lattice and surrounded by a marking system used to correlate optical data with the respective size measured by SEM. The samples were then developed using MaD525 followed by abundant rinsing with water. MaN2403 and MaN2405 resists were developed for 55 s and 70 s, respectively. The resists were then hard baked at 100 °C for 5 min in a convection oven. The various samples were then dry-etched using a combination of CHF 3 (50 sccm (standard cubic centimetre per minute)) and Ar (40 sccm) gases at a pressure of 10 mtorr and accelerated by 50 W forward power. The etching time was carefully calibrated for the different thicknesses (7 min 30 s, 11 min and 17 min 30 s for flakes with thicknesses of 55 nm, 95 nm and 150 nm, respectively). The absence of a thin layer of WS 2 was confirmed by Raman measurements, as no peak related to crystalline WS 2 was measured between the different particles. Also, the etching was interrupted at the right time to ensure that the SiO 2 /Si substrate underneath the flake was not etched. The samples were imaged after optical measurements using a Zeiss ULTRA LEO SEM system. Optical characterization. Single-nanodisk dark-field scattering spectra were obtained using an upright microscope with external white-light illumination (Energetiq EQ-99FC) entering from the side at high incident angles to prevent specular reflected light from entering the microscope objective (Nikon, ×20, NA = 0.45). The collected elastic scattering was analysed using a fibre-coupled grating spectrometer (Andor Shamrock 303i). Raman spectra were collected in backscattering geometry using a commercial Raman microscope (WITec alpha300R) and 532 nm laser excitation and an excitation spot size diameter of ~1 μm.
FDTD simulations. Numerical simulations of the electromagnetic response of the WS 2 nanodisks were performed using the FDTD method with commercial software (Lumerical). Scattering and absorption spectra, field distributions and multipole decompositions were obtained using the total field/scattered field source and perfectly matched layer (PML) boundary conditions. For Fig. 1 , the total scattering cross-section of a nanodisk in vacuum was calculated. For Fig. 2 , a nanodisk was placed on a substrate (55 nm SiO 2 / semi-infinite Si) and excited by a total field/scattered field source at normal incidence. The scattering intensity in the upper hemisphere was collected using a transmission monitor to emulate the experimental dark-field spectra. For Fig. 3c,d the total absorption and scattering cross-sections of a nanodisk in vacuum were calculated.
The in-plane permittivity of bulk WS 2 reported in ref. 13 was adopted for FDTD simulations in Figs. 1 and 3 and Supplementary Figs. 2-4 . A tabulated out-of-plane permittivity of WS 2 is not available in the literature to the best of our knowledge. To extract one, we referred to the reflection spectrum from a WS 2 film illuminated by a plane wave with the electric field parallel to the c axis 12 . To obtain the permittivity ε, we fitted the reflection as = | | − + R n n 1 1 2 with ε = n . To ensure Kramers-Kronig validity, the permittivity was assumed to be composed of two Lorentz oscillators.
The artificial isotropic permittivity used for simulations in Fig. 3 where ε 0 = 18 is the background permittivity due to higher energy transitions, f 0 = 0.4 is the oscillator strength, ω ex = 1.96 eV and γ ex = 90 meV is the exciton full width. For background index-only material, f 0 was set to zero. For exciton-only material, ε 0 was set to 1.
Multipole decomposition. The Cartesian electric and toroidal dipole moments of nanodisks were calculated using the standard expansion formulas:
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